Basic kinematics of the saddle and rider in high-level dressage horses trotting on a treadmill Abstract REASONS FOR PERFORMING STUDY: A comprehensive kinematic description of rider and saddle movements is not yet present in the scientific literature. OBJECTIVE: To describe saddle and rider movements in a group of high-level dressage horses and riders. METHOD: Seven high-level dressage horses and riders were subjected to kinematic measurements while performing collected trot on a treadmill. For analysis a rigid body model for the saddle and core rider segments, projection angles of the rider's extremities and the neck and trunk of the horse, and distances between markers selected to indicate rider position were used. RESULTS: For a majority of the variables measured it was possible to describe a common pattern for the group. Rotations around the transverse axis (pitch) were generally biphasic for each diagonal. During the first half of stance the saddle rotated anti-clockwise and the rider's pelvis clockwise viewed from the right and the rider's lumbar back extended. During the later part of stance and the suspension phase reverse pitch rotations were observed. Rotations of the saddle and core rider segments around the longitudinal (roll) and vertical axes (yaw) changed direction only around time of contact of each diagonal. CONCLUSION: The saddles and riders of high-level dressage horses follow a common movement pattern at collected trot. The movements of the saddle and rider are clearly related to the movements of the horse and saddle movements also seem to be influenced by the rider. POTENTIAL RELEVANCE: Knowledge about rider and saddle movements can further our understanding of, and hence possibilities to prevent, orthopaedic injuries related to the exposure of the horse to a rider and saddle.
Introduction
A comprehensive description of saddle and rider movements has not yet been published. Previous studies on rider kinematics are limited in time resolution (Schils et al. 1993; Lovett et al. 2004) , or the number of variables described (Peham et al. 2001; Lagarde et al. 2005) . Three studies compare novice and expert riders (Schils et al. 1993; Peham et al. 2001; Lagarde et al. 2005) . Experts were found to have a more upright upper body position during sitting trot (Schils et al. 1993; Lagarde et al. 2005) , less variable movements (Peham et al. 2001; Lagarde et al. 2005) , and moved more in phase with the horse (Lagarde et al. 2005) . Saddle movements have been described only without rider (Galloux et al. 1994) .
The aim of the present study was to describe the movements of the saddle and high-level dressage rider and the relationships between horse and rider movements at collected trot, as a background for understanding equine orthopaedic injuries related to the exposure to a saddle and rider.
Material and methods

Experimental set-up
The study was part of a larger experiment described in previous publications (Gómez Álvarez et al. 2006; Weishaupt et al. 2006) and only relevant parts will be described below. The experimental protocol was approved by the Animal Health and Welfare Commission of the canton of Zurich.
Horses and riders
Seven dressage horses competing at Grand Prix (n = 6) or intermediate (n = 1) level were used. Horses were of Warmblood breed, height 1.70 ± 0.07 m and equipped with their own fitted saddle and a bridle with a normal snaffle bit. The horses were ridden by their usual riders, 3 males and 4 females, weight 78 ± 17 kg.
Kinematic measurements
Horses and riders were measured on a high-speed treadmill (Mustang 2200) 1 with an integrated force measuring system (Weishaupt et al. 2002) at square stance and at collected (sitting) trot. Numerous spherical reflective markers were placed on horse, rider and saddle; marker locations are described below. Marker positions were registered by 12 infrared cameras (ProReflex) 2 . Recordings took place for 15 s with a frame rate of 140/240 Hz. The laboratory coordinate system was oriented such that the X-axis was horizontal and positive in the horse's direction of motion, the Y-axis horizontal and positive to the left and the Z-axis vertical and positive upwards.
*Author to whom correspondence should be addressed. 
Data processing
The reconstruction of the 3D position of each marker was based on a direct linear transformation algorithm (Q-Track) 2 . The raw x-, yand z-coordinates were exported into Matlab 3 for further processing.
Saddle and rider core body segments were subjected to rigid body analysis by use of a previously published algorithm (Söderkvist and Wedin 1993) . The rotations of each segment around the X-, Y-and Z-axes were thereby described as 3 angles: roll, pitch and yaw, respectively. The marker locations used to define the rigid body segments were as follows: saddle: left and right pommel buttons and the caudomedial ends of the panels; rider's pelvis: sacrum and the left and right major trochanters of femur; rider's upper body: sacrum, shoulder joints and C7 spinous process; and rider's head: C7 spinous process and left, right, cranial and caudal lower parts of the helmet.
For the rider's upper arms and legs and the neck and trunk of the horse segment projection angles in the YZ and XZ planes were determined to represent roll and pitch, respectively. Rider angles were calculated after re-rotating marker data to stance position using the rotation matrix of the upper body (arms) or pelvis (legs). Marker locations were the following: upper arm: shoulder and elbow joints; thigh: trochanter and knee joint; shank: knee joint and the rider's boot over the lateral malleolus; horse's neck: the cranial part of the wing of the atlas and T6 spinous process; and horse's trunk: T6 and L5 spinous processes. In addition, the 3D angle between the rider's shoulder joint, elbow joint and hand was determined.
To define rider position the following distances were calculated: 1) rider's hand to the rostral end of the ipsilateral facial crest of the horse; 2) X-distance from rider's C7 to the L3 spinous process of the horse; 3, 4) X-and Z-distances from rider's seat (a mean of the left and right trochanters) to the L3 spinous process of the horse; 5, 6) X-and Y-distances from rider's trochanter to the toe of the boot; and 7) Z-distance between the toe and heel of the rider's boot. In addition, the vertical movement of the L5 spinous processes of the horse was determined.
Angular changes were assigned positive values for clockwise rotation viewed in the direction of the respective axis. In the results section positive pitch rotation will be termed cranial and positive roll and yaw rotations are termed away from the supporting hindlimb during left hindlimb stance. For rider segments other than the pelvis rotations will be described in relation to the next more proximal segment.
Data for each variable were split into strides using temporal information from the treadmill force measuring system, normalised to 101 points (0-100%) and then averaged over available strides for each horse/rider. Before group mean was determined the individual mean curves were offset adjusted to facilitate comparison between riders.
Time of transition (ToT), defined as min or max value time of occurrence in percent of stride time, was compared between the vertical height of L5 and each other variable using a paired nonparametric test (Wilcoxon). For rider extremity variables the resulting differences were tested for significant difference between stride cycle halves, as was amplitude at ToT. Significance level was set at P<0.05. Due to large within-and/or between-rider variation the following variables were excluded in this analysis: roll of the saddle, roll and yaw of the upper body and head, roll of the upper arms, elbow joint angles, distance from the rider's hands to the facial crest of the horse and shank rotations.
Results
The speed of the treadmill belt was 2.99 ± 0.05 m/s, which is within one s.d. of previously published speeds for collected trot (3.20 ± 0.28, Clayton 1994).
The stride mean residuals, i.e. deformation, of the rigid bodies were mean ± s.d. 3.3 ± 1.7 mm for the saddle, 2.5 ± 1.4 mm for the rider's pelvis, 5.9 ± 1.7 mm for the upper body and 6.0 ± 3.6 mm for the head.
Selected group mean curves are displayed in Figure 1 . Ranges of motion (ROM) for selected variables are listed in Table 1 .
Movements from the beginning of stance to midstance
From first contact to approximately midstance of each diagonal the saddle rotated caudally in pitch and away from the supporting hindlimb in yaw while roll was individual. The rider's pelvis rotated cranially in pitch and away from the supporting hindlimb in roll and yaw. The upper body rotated caudally in relation to the pelvis and the head rotated caudally in relation to the upper body. Yaw of the upper body and head showed roughly inverted curve shape compared to the pelvis of the same rider, but were more irregular. Roll rotations of the same segments were individual and for some riders markedly asymmetric between diagonals. The rider's seat moved downwards and first cranially then caudally (large phase shift, see Table 2b ) in relation to L3 of the horse. The rider's neck moved cranially in relation to L3. The shoulder joints flexed and abducted and the elbow joints flexed. The distance from the rider's hands to the facial crest of the horse decreased slightly for most riders. The rider's hip joints flexed and abducted and the knees flexed and adducted. The rider's toes moved cranially and laterally in relation to the rider's hips. The heels were lowered in relation to the toe. At the same time the horse's neck rotated slightly cranially, the trunk rotated caudally and L5 vertical height decreased.
At midstance, all variables were in transition except roll and yaw of the saddle and yaw of the rider's pelvis. L5 reached a minimum position at 24.0 ± 1.4% of the stride after hindlimb Table 2a . The rider's shoulder joint was significantly more flexed, the hip joint significantly more abducted and the heel significantly more lowered in relation to the toe at midstance of the ipsilateral forelimb compared to at midstance of contralateral forelimb.
Movements from midstance to beginning of the following stance
From midstance to the beginning of the next diagonal pitch rotations and distances showed reverse changes compared to the previous period. In roll and yaw the saddle continued as in the previous period, but the rider's pelvis rotated more slowly and in roll the direction of rotation became individual. The horse showed opposite movements as well. The neck rotated slightly caudally, the trunk rotated cranially and L5 vertical height increased. At the beginning of the next diagonal stance all variables were again in transition. L5 reached its highest position at -0.7 ± 1.6% of the stride before hindlimb ground contact. Variables with a significantly different ToT are listed in Table 2b . The rider's hip joint was significantly more extended and adducted, the knee significantly less abducted and the toe significantly more medially placed at the beginning of the ipsilateral forelimb stance (following push-off of the ipsilateral hindlimb) compared to at the beginning of the contralateral forelimb stance.
Discussion
The saddle can be expected to follow the movements of the horse's mid-thoracic back approximately. Vertebral rotations of the thoracolumbar back at trot have been described (Faber et al. 2001) . The pitch and yaw rotations of the saddles in our study resemble the corresponding rotations of T10 closely. Curve shape, temporal relations and ROM (Fig 1, Tables 1, 2 ) were similar. Roll was, however, more individual in our study. This could be due to interindividual variations in stance position (Faber et al. 1999) , in saddle position in relation to the shoulders affecting forelimb influence and/or in the movements of the back. The variability of the axial rotation of T10 at trot was 4-5 times greater between than within horses (Faber et al. 2001) . Further, the rider can be assumed to have some influence on the movements of the saddle. Galloux et al. (1994) measured saddle rotations without rider and found lower roll and yaw ROMs while pitch ROM was slightly higher with greater intraindividual variability compared to our findings (Table 1) . These differences can, however, also be due to different trotting speed and measurement techniques.
The movements of the rider at trot can largely be explained from the vertical and horizontal de-and acceleration of the horse's trunk that take place during each diagonal stance. During the deceleration phase the rider is pressed against the saddle and stirrups, the rider's lumbar back hollows, the leg joints flex and the head and feet move forwards. During the propulsive phase the rider is pushed out of the saddle, the lumbar back straightens, the legs extend and the head and feet move backwards, probably an effect of the horse's push-off transmitted to the rider through the saddle. However, as an expert rider's movements were found to be more consistent and less phase-shifted in relation to the horse compared to a novice's (Terada 2000; Peham et al. 2001; Lagarde et al. 2005) , the rider himself must also have some influence. The movements of the horse clearly seem to dictate the basic pattern of the rider's movements, but the exact phase and perhaps amplitude may be ultimately determined by the rider's active responses.
For a majority of the saddle and rider variables measured in the current study it was possible to describe a common pattern for the group. While roll and yaw showed some more variation, pitch was particularly uniform (Fig 1) . Care must, however, be taken before assuming these patterns are common to riders in general. Our experiment was carried out on a treadmill and horses move slightly differently on treadmill compared to over ground, perhaps most important the vertical displacement of the withers decreases (Buchner et al. 1994) . But as minor kinematic differences were also observed between horses in our study and the riders still followed common movement patterns, it seems unlikely that treadmillinduced differences would change the rider's basic pattern. Rider skill level and discipline must, however, be considered for the applicability of our findings. Further, in the current study skin markers were used, as well as clothing, boot and helmet markers for the rider. Some displacement may therefore have occurred between the markers and the underlying skeleton during motion. It is, however, not probable that the displacements were large enough to have affected the general motion patterns described. All saddle and core rider segment rotations can be expected to be symmetric in the ideal case. This claim was not fully met by several of the participating horses and riders, despite their high educational level. Yaw and particularly roll showed the most obvious asymmetries. A slightly oblique stance position can be a partial (Ramakrishnan and Kadaba 1991; Faber et al. 1999 ), but probably not full, explanation. Asymmetric rider movements could cause asymmetric loading of the horse. It has been shown that the rider can significantly influence the asymmetry of the horse at trot (Licka et al. 2004) . Further study is warranted on the interplay between horse and rider asymmetries including possible clinical significance.
In conclusion, at collected trot the saddles and riders of highlevel dressage horses generally follow common movement patterns. Saddle movements result mainly from the movements of the horse's back, but are probably also influenced by the rider. Rider movements relate clearly to the movements of the horse. Our results help us understand the horse-saddle-rider interaction, which in turn is necessary for understanding orthopaedic injuries that can be related to the exposure of the horse to a saddle and rider, as well as for recommending relevant preventive measures in training, rider education and saddle fitting.
